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Recent outbreaks and recalls associated with cantaloupe contaminated with Salmonella 
s.v. Typhimurium and Listeria monocytogenes have led to an increasing need for methods 
consumers can use at home to clean and sanitize cantaloupe before consumption. Hot 
water (82°C) and household chemicals, such as bleach, vinegar, iodine, salt and hydrogen 
peroxide, were tested to determine their efficacy for the reduction of S. Typhimurium and 
L. monocytogenes inoculated on cantaloupe surfaces. The hot water treatment was the 
most effective at reducing S. Typhimurium (3.8 log reduction) and L. monocytogenes (2.5 
log reduction) on the cantaloupe surface.   
The use of Electrochemically Activated (ECA) water to reduce S. Typhimurium and L. 
monocytogenes inoculated on cantaloupe surfaces was also examined for industry and 
farm use. ECA water is produced through the electrolysis of tap water containing 
dissolved sodium chloride into the anodic (anolyte; chlorine species sanitizer) and 
cathodic (catholyte; highly basic detergent) solutions. Combination with a UV treatment 
was also tested to determine if there was a synergistic sanitizing effect. The triple 
combination of catholyte, anolyte and UV treatment had the highest average log 
x 
 
reduction, 3.3 for S. Typhimurium and 3.6 for L. monocytogenes of the combinations 
tested.   
A natural antimicrobial compound commonly used in the food industry was also 
examined.  MicroGARD® 730 (Dupont Inc., Wilmington, DE, USA), is a fermented milk 
product that contains antimicrobial metabolites that has been shown to inhibit the growth 
of bacteria, yeasts and molds.  Four different types of grain blends that contained various 
types of grains and legumes were tested with and without the addition of 0.65% w/w of 
MicroGARD® 730.  The samples were inoculated with 104 CFU/g of each E. coli 
O157:H7, S. Typhimurium, and L. monocytogenes and stored at 4°C and 10°C.  The grain 
blends were sampled every day for 12 days (shelf-life of the product) by spread plating 
on a selective medium for each bacterium tested. In this study, all MicroGARD® 730 
treated samples that were stored at 4°C had a steady decrease in all of the pathogens 




CHAPTER 1. LITERATURE REVIEW 
 
1.1. Major human pathogens that cause foodborne illness from fresh produce 
In the United States, 31 major pathogens were estimated as a source of foodborne 
illness each year (Scallan et al., 2011). According to this study, 58% of illness was 
caused by norovirus, however, the most hospitalization and death cases were caused by 
Salmonella spp., 35% and 28%, respectively.  Listeria monocytogenes accounted for 19% 
of deaths while norovirus was responsible for 26% of hospitalization and 11% of deaths 
from 2005 to 2008. In 2014, the United States Department of Agriculture (USDA) 
reported that 15 major pathogens account for more than 95% of foodborne illnesses and 
deaths that cost more than $15.6 billion annually (Hoffmann, 2014). 
The Center for Disease Control and Prevention (CDC) recently reported a total of 
19,056 cases that included 4,200 of hospitalizations and 80 deaths associated with 
foodborne disease by bacteria and parasites in 2013 (Crim et al., 2014). This study also 
determined that the overall number of incidences was unchanged compared to the 
average annual incidence from 2010 to 2012, however, there were 9% lower number of 
cases for Salmonella and 32% higher number of cases for Vibrio while other pathogens 





Figure 1.1. Breakdown of cases of incidence in 2013 by pathogens (Crim et al., 2014). 
Total number of incidences were 19,056 of cases in 2013. 
 
Three major human pathogens, Escherichia coli O157:H7, Listeria 
monocytogenes and Salmonella Typhimurium have been mainly involved in foodborne 
disease from fresh produce. A study found that Salmonella spp. were responsible for 71% 
(996 events) out of 1,395 food-related recall events and 18% (248 events) were caused by 
L. monocytogenes from 2003 to 2011 under the Food and Drug Administration’s 
jurisdiction (Dey el al., 2013). This review also reported that 65% of recalls related with 
fruits and vegetables were caused by Salmonella spp. contamination. E. coli O157:H7 
had 9 recall events from fruits and vegetables from a total of 19 recalls, which was a 















There are more than 2,500 Salmonella serotypes that are regarded as potential 
human pathogens. Non-typhoidal Salmonellosis is a disease that is caused by non-
typhoidal Salmonella spp., such as Salmonella s.v. Typhimurium that is gram negative 
bacterium and its optimum growth temperature is 37°C (human body temperature)(FDA, 
2012). The potential reservoir of the bacterium is birds and reptiles. The latest Salmonella 
outbreak was from cantaloupe in 2012 that resulted in 3 deaths and 228 people infected 
with S. Typhimurium in 24 states.  The outbreak originated from a farm in Owensville, 
Indiana (FDA, 2013).  According to the FDA final report, one of the evident sources of 
contamination were bird droppings on the equipment and the floor below the rafters, 
which were located above food contact surfaces, such as the brush rollers, conveyor belts, 
and the grading table, during operation. 
L. monocytogenes is gram positive bacterium that has a wide growth temperature 
from -0.4°C to 50°C. L. monocytogenes can grow at refrigeration temperatures and the 
optimum growth temperature range is 30°C to 37°C. Listeriosis is one of the high 
mortality diseases that can be caused by an infectious dose of approximately 1,000 cells 
for susceptible individuals. They may have serious and invasive form of the illness that 
can cause septicemia and meningitis. However, healthy adults may have less severe 
illness such as gastrointestinal illness with flu-like symptoms (FDA, 2012). The recent 
produce related outbreak of L. monocytogenes was linked to cantaloupes from Jensen 
Farms, Colorado, which the CDC documented 33 deaths and 147 patients in 28 states as 
of October 5, 2012 (CDC, 2012). 
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E. coli O157:H7 is gram negative bacterium that causes disease with relatively 
small number of cells (10 to 100).  The optimum growth temperature is 37°C that is 
similar to Salmonella. The potential sources of contamination are undercooked and raw 
ground beef (FDA, 2012). .  E. coli O157:H7 was responsible for a serious multistate 
outbreak in 2006 that was linked to spinach and caused 199 cases including 3 deaths in 
26 states (Olaimat & Holley 2012). There have been many other outbreaks associated 
with leafy greens, such as lettuce, spinach, alfalfa and mixed sprouts, which involved in 
E. coli O157:H7, Salmonella, and L. monocytogenes (Olaimat & Holley 2012).  Another 
recent multiple state outbreak associated with romaine lettuce contaminated with E. coli 
O157:H7 was reported in 2011 that infected 58 people in 9 states (CDC, 2011).  
Foodborne illnesses related to leafy green vegetables have increased along with 
the increasing consumer’s consumption of them to support a healthy life style (Warriner 
et al., 2009).  Fresh produce accounted for 0.7% of total foodborne outbreaks in 1970’s, 
but increased to 6.0% in the 1990s (Sivapalsingam et al., 2004). Outbreaks associated 
with fresh produce have led to an increasing need to examine methods for cleaning and 
sanitizing fresh fruits and vegetables before consumption. Although growers and 
processors maintain Good Agricultural Practices (GAPs), Good Manufacturing Practices 
(GMPs), and the FDA recommends consumers wash and clean fresh produce before 
consumption, the possibility of human bacterial pathogens being present is of concern to 
consumers. Because L. monocytogenes is found in the natural environment and E. coli 
O157:H7 and S. Typhimurium are able to survive outside hosts and resist harsh 
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conditions (Winfield & Groisman, 2003), research is needed to develop novel sanitizing 
methods for fresh produce to reduce the pathogens if present without quality loss. 
1.2. Sanitizers for fresh produce 
The FDA published Preventive Control Measures for Fresh & Fresh-Cut Produce 
that summarized results of the efficacy of commonly used sanitizers for reducing 
microbial hazards on fresh produce in 2003 (Parish et al., 2003). It includes the results of 
experiments done to test various sanitizers and mitigation methods, such as chlorine, 
ozone, peracetic acid, hydrogen peroxide, temperature, irradiation etc., for 
decontamination of pathogenic bacteria. Unfortunately, this report revealed that the use 
of common sanitizers alone was not enough to significantly reduce pathogenic bacteria 
present on fresh produce. 
In Table 1, the advantages and limitations of each sanitizing chemical are 
described in terms of chemical properties and treatment parameters (pH, temperature, and 
water hardness). Further work is need to determine the proper sanitizing agent in order to 
maximize the efficacy for reduction of pathogens from fresh produce based on the 
different physiological properties and characteristics of each type of fresh produce. The 
reduction in the number of pathogens may vary when the same concentration of a certain 
sanitizer is used for washing different types of fresh produce (Wang et al., 2007). 
Currently there are no methods that can eliminate pathogens completely and maintain 
freshness of produce simultaneously, however, future work will hopefully give insight in 




Table 1.1. Summary of methods to sanitize fresh produce (Parish et al., 2003; Wirtanen & 
Salo, 2003). 
Chemical Current use Advantages Limitations 
Hypochlorite 
 50 to 200 ppm of 
concentration for 1 to 
2 minute of contacting 
time 
  Economical and easy to 
use 
  Effective for variety of 
produce 
  Effective on wide range of 
microorganism 
  By-products that 
affect human health 
  pH dependent 
  Reactive to organic 
materials that  
 
Chlorine Dioxide 
  3 to 5 ppm for whole 
fruits and vegetables 
  Less reactive with organic 
materials than hypochlorite 
  Better efficacy than 
hypochlorite at neutral pH 
  Stability (off gas) 
Hydrogen 
peroxide 
  Not to exceed 59 ppm 
in wash water.  
  Easy to use and relatively 
non-toxic 
  High concentration 
required 
  Corrosive 
Peracetic Acid 
(PAA) 
  80 ppm is maximum 
for wash water 
  Non-toxic 
  Good efficacy with low 
concentration 
  Corrosive 
  Unstable 
Ozone 
  0.5 to 2.5 ppm 
(guidance from 
published literatures) 
  Effective with low 
concentration and short 
treatment time 
  Toxic & Unstable 
  Corrosive to 
equipment 
 Pungent with 1 ppm 
Acidified sodium 
chlorine 
 Meat, seafood, poultry, 
and produce 
 Better efficacy than 
hypochlorite at low pH 
 Not permitted for fresh 
produce 
Bromine 
 Not used widely  Good combination with 
chlorine 
 By-products 
information is limited 
Iodine 
 Used for food contact 
surface and equipment 
 Less corrosive 
 Broad spectrum 





 Stable at high temp. 
 Noncorrosive 
 Colorless, ordorless 
 Commonly used for 
equipment and food 
contact surface 
 At low pH, not useful 
 Costly 
Acids 
 Acidification for 
preservation 
 200 ppm of phosphoric 
acid 
 Economical  Only low pH use 
 Efficacy depends on 
type of acid and 
microorganism 
Irradiation 
 1 to 10 kGy 
 Less than 1 kGy to 
inhibit sprouting 
 No chemicals 
 Shelf-life extension 
 Negative perception by 
customers 
Biocontrol 
 Competition prevent 
pathogen colonization 
in poultry 
 Starter culture for 
fermented meat and 
dairy products 
 No chemicals 
 
 Limited range of use 





1.3. Regulations and testing sanitizers 
According to the Code of Federal Regulations (CFR), title 21, part 110.3, the 
definition of sanitize is “to adequately treat food-contact surfaces by a process that is 
effective in destroying vegetative cells of microorganisms of public health significance.” 
Each sanitizing chemical is regulated by the Environmental Protection Agency (EPA) 
and the Food and Drug Administration (FDA). Also, the sanitizing chemicals used for 
washing fresh-cut produce and sanitizing wash water are considered as a secondary direct 
food additive and are under regulation of the FDA (Gil et al., 2009). When disinfectants 
are used for a raw agricultural commodities in the processing facility, it must be regulated 
and registered by both the EPA, the FDA, as well as often the state the chemical is being 
used. Also disinfectants for wash water and sanitizing chemicals must be approved by the 
FDA and they are reported in the 21 CFR part 173.315 and 178.1010 (FDA, 2003a, b). 
The AOAC suspension test is one of the methods that is used to determine the 
reduction of bacteria by a sanitizer by suspending the cells into the antimicrobial agent to 
determine the efficacy of the sanitizing agent. The sanitizer must show a 5 log reduction 
of the microbial populations in suspension, which is regarded as effective (Wirtanen & 
Salo, 2003). Household chemicals such as bleach, vinegar, and hydrogen peroxide had 
more than a 5 log reduction of E. coli O157:H7, L. monocytogenes and S. Typhimurium 
when tested using a suspension test (Yang et al., 2009). Even though this example had a 5 
log reduction, this test is very different from when bacteria are present on the surface of a 
plant.  These bacteria could be in an established biofilm that would protect them from the 
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sanitizer (Chmielewski, 2003).  Because of this, a 3 log reduction is regarded as effective 
for reducing surface-attached bacteria using a sanitizer (Mosteller & Bishop, 1993). 
Chlorine compounds are the most commonly used sanitizing chemicals, such as 
chlorine gas (Cl2), sodium hypochlorite (NaOCl), and calcium hypochlorite (CaCl2O2) 
and are approved by both the EPA and the FDA for use on farms and by the industry. 
Chlorine containing sanitizers have been widely used for washing fresh produce because 
it is more economical and effective to reduce the growth of microorganisms than other 
approved sanitizers, and also effective on wide range of pathogens from variety of fresh 
produce (Wirtanen & Salo, 2003).  Numberous experiments using chlorine as a sanitizer 
for leafy greens have been performed using concentrations from 50 - 200 ppm and 
exposure times of 1- 2 minutes to reduce E. coli O157:H7 and L. monocytogenes (Akbas 
& Ö lmez, 2007; Al-Nabulsi et al., 2014; Keskinen & Annous, 2011; Parish et al., 2003). 
A recent study (Ö lmez & Temur, 2010) tested the efficacy of ozonated water and 100 
ppm chlorine solutions for green leaf lettuce that reported a 3 log reduction for both L. 
monocytogenes and E. coli.  
Numerous studies have also been performed that tested the efficacy of various 
sanitizers for the reduction of various pathogens from cantaloupe.  Salmonella showed a 
high resistance to sanitizers from the surface of cantaloupe even after a treatment with 
100 ppm chlorine for 25 minutes (Joseph et al., 2001). This study also indicated that it 
was because Salmonella has the ability to form biofilms on surfaces in a short period of 
time (Joseph et al., 2001).  Various washing practices have also been examined to reduce 
S. Typhimurium from cantaloupe. Scrubbing the cantaloupe rind with a vegetable 
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cleaning brush in a 200 ppm chlorine solution for 60 seconds achieved a higher log 
reduction, 1.8, compared to soaking the cantaloupe in the solution, 0.7 log reduction 
(Parnell et al., 2005). Another study using 80 ppm peroxyacetic acid resulted in 0.4 log 
reduction of S. Poona from cantaloupe (Fan et al., 2008). These results provide evidence 
of possible biofilm formation on the surface of fresh produce, which may be responsible 
for the low log reductions of pathogen compared to testing cell suspension in the 
sanitizer. 
There are many types of sanitizing methods that have been examined not only 
using chemicals, but also physical treatment such as scrubbing with a clean brush.  
However, scrubbing may cause damage to some produce items during treatment (Parish 
et al., 2003). Other studies have tested the efficacy of new sanitizing methods by mixing 
chemicals together or using new sanitizing compounds (Keskinen & Annous, 2011; Rhee 
et al., 2003; Yossa et al., 2012). Kim et al. (2013) used UV exposure as an alternative to 
non-chemical treatments. Yossa et al. (2012) tested essential oils that are extracted from 
plants like cinnamon, rosemary, and thyme to reduce E. coli O157:H7 from spinach 
leaves.  Essential oils alone had a 2-3 log reduction, and when combined with acetic acid 
treatment, achieved a 1.5-2.5 log reduction of Salmonella from spinach leaves (Yossa et 
al. 2012). 
1.4. Factors that affect sanitizer efficacy 
There are many factors that can affect the efficacy of a sanitizing solution, such as 
water quality, type of sanitizer, treatment methods, and target pathogens (Gil et al., 
2009).  The quality of the water that includes pH, temperature, turbidity and organic 
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matter present can influence the efficacy of sanitizer when it is dissolved in water. One of 
the important factors that influences the efficacy of chlorine compound sanitizer is pH. 
Hypochlorous acid (HOCl) is a major active ingredient in the chlorine sanitizer solution 
and is responsible for the bactericidal effects, however, the amount of free available 
HOCl is very dependent on the pH value. A pH between 6 and 7 is the optimum to show 
high efficacy and can minimize the corrosion of processing equipment (Cristóbal Chaidez 
et al., 2012) while chlorine dioxide is effective to reduce bacteria in a wide range of pH 
values. 
Another factor that influences the efficacy of a chlorine-based sanitizer is the 
presence of organic materials in the washing water (Chaidez et al., 2007).  Hypochlorous 
acid reacts with organic matter, such as soil and fragments of fresh produce during 
washing process.  This lowers the HOCl concentration in the wash water that results in 
significantly lower reduction of pathogens from fresh produce (Chaidez et al., 2007).  
Ozonated water is also reactive with organic matter in the wash water and is inactivated 
easily, which lowers the efficacy and increases the demand of fresh ozone (Ketteringham 
et al., 2006). 
The improper use of chlorine compounds may cause problems in terms of 
efficacy, produce quality, and risk human health.  The allowable concentration of free 
available chlorine in the wash water for fresh produce is 50 to 200 ppm, but if these 
concentrations are not maintained it can influence how well the microbial populations are 
reduced.  High concentration of chlorine can alter the organoleptic properties of fresh 
11 
 
produce, which causes adverse effect on the shelf-life or sensory qualities of the product 
(Cristóbal Chaidez et al., 2012).  
The efficacy of the sanitizing solutions depends on the target microorganism that 
is to be reduced. Quaternary ammonium is one of the representative disinfectant agent for 
food contact surfaces, however, it becomes inactivated under low pH condition and the 
presence of ions, Mg2+ and Ca2+, in the solution (Wirtanen & Salo, 2003). Another 
limiting factor that affects the efficacy of the sanitizing solution is the bacterial behavior 
in order to avoid contact with sanitizing solutions. Even though there are well-organized 
GAPs and GMPs by producers and distributors, it is impossible to remove or kill all 
pathogens from fresh produce once contaminated because more than 80% of bacteria are 
present in biofilms on the surface of fresh produce (Lindow & Brandl, 2003). Various 
studies have indicated that biofilm formation on the surface of food and food contact 
surfaces limits the sanitizing effect of chemicals (Annous et al., 2013; Carmichael et al., 
1998; Chmielewski and Frank, 2003; Joseph et al., 2001).  
1.5. Biofilms and produce  
Bakke et al. (1984) defines that biofilms are biologically active matrices of cells 
on a solid surface on which non-cellular material accumulates.  Others have  described a 
bacterial biofilm as an assemblage of microorganisms that are embedded in an 
exopolymer matrix (Costerton et al., 1999). This is referred to as Extracellular 
Polysaccharides (EPS) that are very difficult to remove from contaminated surfaces as 
compared to individual cells (Annous et al., 2004). Due to the protective layers of the 
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polymer, bacterial cells in biofilms are protected from sanitizer applications (Ukuku et 
al., 2001).    
Rapid formation of biofilms supports the results of sanitizer not being efficient in 
reducing inoculated bacteria on the surface of cantaloupe. Once a biofilm has formed on 
the food surface, consumers are not able to get rid of them at home and the FDA 
recommendation of scrubbing under running water is not effective (Parnell et al., 2005). 
The meshwork of lenticular netting on the surface of cantaloupe provides large spaces for 
Salmonella to avoid contact with sanitizing solution (Annous et al., 2004).  It was 
demonstrated that bacteria were more protected from bactericidal action than planktonic 
bacteria through the production of biofilms (Costerton et al., 1987).  Previous studies 
have shown that gram-negative bacteria were more sensitive to antimicrobials than gram-
positive bacteria under similar environments (Lin et al., 2000; Ö lmez & Temur, 2010).  
This may be due to the fact that gram-positive bacteria demonstrate a higher growth rate 
when in a biofilm compared to gram-negative bacteria (Sommer & Mettler, 1999). 
Bacteria are able to grow everywhere, however, their growth in pure culture is 
totally different from growth in nature. Biofilms are observed as a sessile community 
rather than a group of planktonic bacteria in nature (Shirtliff et al., 2002). There have 
been biofilm studies for more than 70 years, however, scientists are just beginning to 
fully understand the significance of biofilm formation. Much of the research has 
proposed a biofilm is a bacterial collective behavior that includes interactions that 
function almost as a multicellular organism (Shapiro, 1988). Some examples, such as 
forming fruiting bodies, sporulation, and migration of population under different 
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circumstances, were studied and proved that bacteria are capable of taking advantage of 
adaptation to environmental changes by intercellular interaction and communication 
within their community (Davey et al., 2000; Kaiser & Losick, 1993). Recent advanced 
technologies allow for microscopic and molecular applications that have shown that 
biofilms are highly structured and functional organization of bacteria (O’Toole et al., 
2000).  
Biofilms are problematic in the food and medical industry and are considered as a 
potential source of pathogenic infections and outbreaks. Once biofilms have formed on 
the surface of food, processing equipment, and/or medical instruments, it is very difficult 
to eliminate them by using various sanitizers or disinfectants. It has been shown that 
bacteria in biofilm can resist more than 1,000-fold antibiotic treatment compared to 
planktonic cells (Gilbert et al., 1997). There have been numerous studies to reduce 
biofilms of human pathogens such as E. coli O157:H7, L. monocytogenes, and S. 
Typhimurium from foods, medical tools, and other materials (Meyer, 2003). Therefore, it 
is important to identify the function, structure, and purpose of biofilm formation by 
studying not only single cells, but also complex communities of bacteria both in nature 
and in the laboratory.  
1.5.1. Life cycle and function of biofilms 
There are many studies that have elucidated the diverse mechanisms of the life 
cycle of the biofilm through initiation, maturation, maintenance, and dispersion 
(Flemming et al., 1993; Kumar & Anand, 1998; McDougald et al., 2011; Thormann et 
al., 2005).  The formation of the biofilm structure and the various components in a 
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biofilm is summarized in Figure 1.2 and 1.3.  Biofilm formation begins with the dispersal 
of bacterial cells from mature biofilm and then free bacteria initiate another biofilm by 
adhering to other surfaces (Figure 1.3; McDougald et al., 2011).  According to Pratt & 
Kolter (1998), biofilm formation was explained by examining E. coli mutants. They 
found that the biofilm structure consists of more than attachment of the bacteria to the 
surface. There are factors, such as flagellar biosynthesis, motility, and chemotaxis that 
enable bacteria to adhere to the surface to initiate biofilm formation. It was determined 
that motility is one of the most critical factors for biofilm formation (O’Toole & Kolter, 
1998).  Motility, through flagella and/or twitching, is required when a bacterium contacts 
the surface and is also needed when the biofilm is expanded (O’Toole & Kolter, 1998). 
Genetic analysis also showed that type I pili are required by E. coli to form biofilms on 
various surfaces such as PVC, polycarbonate, polystyrene, and borosilicate glass (Pratt & 
Kolter, 1999).  




Figure 1.3. The complex structure of bacterial biofilms (McDougald et al., 2011). 
  
Recent electron microscopy studies have enabled observation of the bacterial cells 
encased in the extracellular matrix of a biofilm more clearly (Friedman & Kolter, 2004).. 
The structure of a biofilm depends on both the environmental parameters and the 
microbial biology (Figure 1.3.a; McDougald, 2011).  Ddifferences in biofilm structure 
have been observed when even a small change in environmental conditions like 
temperature, pH, oxygen, and nutrient level has occurred (Branda et al. 2005). The 
overall change in structure due to small environmental conditions may be due to, 
channels that are present throughout the biofilm that allow water flow and exchange of 
nutrients and waste product between microcolonies that are enclosed by matrix (Pratt & 
Kolter, 1999)  
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Biofilm dispersion is very important in terms of terminal stage of biofilm 
development. McDougald et al. (2011) indicated that some environmental signals, such 
as the availability of nutrients, oxygen depletion, level of nitric oxide, temperature, and 
level of iron, regulate the rate of dispersal.  For example, either an increase or decrease of 
nutrients have been closely related to the dispersion process. The rate of dispersion of 
Aeromona hydrophila and P. aeruginosa increased after the nutrients present were 
depleted (Sawyer & Hermanowicz 1998).  In addition, when the concentration of various 
sources of nutrients, such as organic carbon, glucose or nitrogen, were decreased 
individual cells of Pseudomonas fluorescens started detaching from the biofilm (Delaquis 
et al., 1989).  However, Acinetobacter biofilm became more packed in response to 
starvation (James et al., 1995). The level of oxygen is another factor that can influence 
the dispersal process as it can be an environmental stress to cells in a biofilm. Shewanela 
oneidensis has been shown to disperse quickly under oxygen depletion conditions 
(Thormann et al., 2005). Quorum sensing is one of the important factors for biofilm 
formation that is used as an extracellular signaling method for cell-to-cell communication 
(Davies et al., 1998).  
The function of the biofilm has been studied as physical barrier and adhesion has 
been shown to be a rapid step so that biofilm development begins in the first few minutes 
to several hours after inoculation on the surface of a glass (Sommer & Mettler 1999).  For 
example, L. monocytogenes had a 1 log CFU/cm2 increase in 150 min, and Pseudomonas 
fluorescens stabilized after the first 30 minutes.  The formation of a barrier in a short 
amount of time gives protection to the cells from some antimicrobial agents and chlorine 
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species sanitizers, such as hypochlorite, chloramines, and chlorine dioxide (Shirtliff et al., 
2002).  This occurs because the EPS acts as a barrier for diffusion and prevents the 
contact of antimicrobials to cells inside the biofilms and can also delay the time until the 
antimicrobials reach the cells in the biofilm (Shirtliff et al. 2002). The EPS barrier can 
also prevent bacteria in a biofilm from getting damaged by extraneous stresses such as 
UV radiation, pH change, desiccation and osmotic shock (Flemming, 1993). It was 
determined that the biofilm protected bacteria against UV radiation and dehydration and 
that survival under those condition was better compared to that of no-EPS producing 
bacteria (Davey et al., 2000). 
1.5.2. Biofilms and the food industry 
In addition to the contamination on food surface, biofilm attachment to food 
processing surfaces is a concern.  When problem areas are found, the interval of cleaning 
and sanitization should be increased to avoid biofilm formation and cross contamination. 
Accumulation of organic matter on the surface of processing equipment should also be 
avoided in order to eliminate the source of nutrients for pathogens, even though it is 
difficult to implement frequently (Van Houdt & Michiels, 2010).  It has be shown that 
bacteria in biofilms are more resistant to hypochlorous acid (LeChevallier et al., 1988) 
with biofilms of L. monocytogenes only have a 2 log reduction following treatment 
with10,000 ppm chlorine.  These data provide further evidence that biofilm formation is 
problematic and difficult to remove once they are established. 
18 
 
1.5.3. Methods to remove biofilms from fresh produce 
Hot water treatments for apple, cherry, grapefruit, lemon, mango, melon, papaya, 
pear, and tomato have been studied (Parish et al., 2003). Due the inedible outer rinds, 
skins or peels that can be discarded when they are consumed for these fruits, thermal 
sanitization processes are available to reduce pathogens from these surface (Parish et al., 
2003). Hot water treatments have also been studied as alternative methods of sanitizing 
pathogens from cantaloupe and have been shown to be effective resulting in close to a 5 
log reduction of E. coli and Salmonella (Solomon et al., 2006).  Fan et al. (2008) also 
tested the efficacy of hot water treatment for cantaloupe, which was more efficient in 
reducing the background microflora present on the cantaloupe surface than that of using 
20 ppm chlorine treatment.  To date, the efficacy of hot water for the reduction of L. 
monocytogenes on cantaloupe has not been determined.  Finding the optimum treatment 
temperature and treatment time is important because fruits have different physiological 
characteristics.  Improper use of thermal process without understanding the 
characteristics and physical properties of each product may lead to the loss of sensory 
qualities like taste, texture, and appearance (Selma et al., 2008) 
1.6. Internalization of pathogens into produce 
According to recent research, chemical sanitizers typically do not exceed a 5-log 
reduction of pathogens from fresh produce, which makes eliminating surface attached 
bacteria impossible (Erickson et al., 2014; Parish et al., 2003). In addition to this 
problem, internalization of pathogens in plants is another issue that interferes with the 
efficacy of sanitizers. Once human pathogens such as E. coli, Salmonella, and Listeria 
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become internalized in the plant system, control of pathogen contamination becomes 
increasingly difficult (Solomon et al., 2002). It has been determined that the introduction, 
proliferation, and infiltration of pathogens during postharvest handling of fresh produce 
may be a mode of internalization (Pao et al., 2012). 
One way that pathogens can avoid contact with a sanitizer solutions or brush 
contact is by living in irregular or non-smooth area of the plant which becomes a shelter 
for pathogens (Pao et al., 2012). Another study also reported that stem scar areas of 
tomatoes and root-bulbs of onions protected Salmonella spp. and E. coli from treatment 
of an ozone solution (Long Iii et al., 2011). This study also provided examples of 
microscopic lesions, folding and indentations of tomato surface, which provided shelter 
for pathogens and demonstrated a possible reason for why washing of produce with 
sanitizers was ineffective. Several studies have shown that E. coli O157:H7 (Berger et al., 
2010) and L. monocytogenes (Ö lmez & Temur, 2010) are capable of entering into the 
lettuce and being protected by natural openings like the stomata (Figure 1.4), however, 
they were actually not internalized within the plant tissue but present in the stomatal 
complex (Deering et al., 2012a).  
Other mechanisms for internalization have been studied and revealed that 
pathogens can be internalized during seed germination and transferred from the root to 
the edible portions of plant (Erickson, 2012). Itoh et al. (1998) demonstrated that E. coli 
O157:H7 was able to internalize throughout radish sprouts when the roots were immersed 
in contaminated water. Both S. Montevideo and E. coli were also internalized in sprouts 
when seeds were inoculated and grown on soft agar beds (Warriner et al., 2003). Another 
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study showed that S. Typhimurium was internalized into peanut stem (Figure 1.5) and 
lettuce (Deering et al., 2012b; Friedman & Kolter, 2004). Further studies need to 
determine the interactions between pathogens and plants and the potential risk for 
outbreaks by internalized pathogens (Olaimat & Holley, 2012).  
 
Figure 1.4. E. coli is able to enter in lettuce through stoma (Berger et al., 2010). 
 
 
Figure 1.5. Salmonella s.v. Typhimurium was identified (arrow) in the fresh peanut stem 
tissue (Deering et al., 2012b).  
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1.7. Antimicrobials to improve shelf-life of fresh produce 
There are 106–107 cells/cm2 of bacteria that belong to more than 85 species on the 
surface of plant leaf, even under unfavorable conditions like low nutrient levels and 
fluctuating climate change (Gnanamanickam & Immanuel, 2006). Fresh produce also has 
microbial communities that can cause damage to the plant cells that decreases the shelf-
life of fruits and vegetables. The most common and important spoilage organism is 
Pseudomonads spp., which accounts for more than 90% of the mesophilic bacteria found 
on produce relative to other genera (Barth et al., 2010; Nguyen-the & Carlin, 1994; 
Ragaert et al., 2007).  Minimally processed fruits and vegetables are vulnerable to 
bacterial contamination from processing activities including the washing water, 
equipment, workers, or processing environment (Barth et al., 2010). However, washing 
processes that contain antimicrobial agents can reduce the initial microbial load from 
fresh produce leading to improved quality and extended shelf-life (Zagory, 1999). 
The shelf -life of lettuce depends on the perception of the consumer with respect 
to the length of time that a commodity can maintain a suitable appearance such as a 
crispy texture and lack of browning (Zhou et al., 2004).  Sensory evaluations like color, 
flavor and texture all impact the consumer’s choice when choosing fresh produce 
commodities. The shelf-life for ‘Red Oak Leaf’ lettuce can last up to 8 days when the 
product is stored in adequate conditions (i.e. modified atmosphere and refrigeration 
temperature; Allende & Artés, 2003). Sensory changes in fresh produce include flavor, 
color, moistness, odor, and texture all of which are associated with spoilage bacteria that 
affect the length of shelf-life (Barth et al., 2010; Brackett, 1994; Sapers et al., 2001).  
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Extending the shelf-life of fresh produce by maintaining good quality is one 
important objective for farmers, processors, and distributors because it makes it possible 
for those items to reach distant and new markets (Lemay et al., 2002). There have been 
studies to minimize the limiting factors that reduce the shelf-life of fresh produce by 
using preservatives such as plant essential oils, natural aroma compounds, active agents 
within the packaging and animal extracts (Gálvez et al., 2014; Gutiérrez et al., 2009).  
According to Capozzi et al. (2009), plant essential oils and natural aroma compounds 
play a role as potential preservatives and can act as an antimicrobial. Also, more than 25 
antimicrobial pesticide products are registered and regulated by the EPA, which contain 
essential oils as active ingredient (EPA, 1993). Oregano oil at 75 ppm had better 
inhibition of the growth of S. Typhimurium on lettuce compared to 50 ppm chlorine 
treatment (Gündüz et al., 2010). Another study found that essential oils from basil, 
caraway, fennel, lemon balm, marjoram, nutmeg, oregano, parsley, rosemary, sage, and 
thyme showed inhibition of  the growth of Listeria spp., Staphylococcus aureus, 
Lactobacillus spp., Bacillus cereus, Salmonella, Enterobacter spp., E. coli, and 
Pseudomonas spp. from fresh-cut produce and promoted safety and quality of these items 
as well (Gutierrez el al., 2008). Cinnamon oil that was incorporated to an active package 
was found to extend the shelf-life of fruits over 12 days of storage at room temperature 
(Martin-Diana et al., 2006). Whey permeate is another natural preservative that was used 
for a 10 day shelf-life test of lettuce and carrots, which demonstrated effective 
antimicrobial activity and sensory evaluation when compared to a chlorine treatment.  An 
animal extract, chitosan from shellfish exoskeletons or from fungal cell walls, was tested 
on mandarin oranges as a coating material and showed greater antifungal resistance and 
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longer shelf-life compared to the commercial fungicide, thiabendazole (Chien et al., 
2007).  
Bacteriocin is one example of biocontrol methods and nisin is the only bacteriocin 
currently approved as a food additive by the FDA. However, nisin is not approved as a 
pesticide for fresh produce by the EPA’s Office of Pesticide Programs. It has been 
reported that nisin is a promising antimicrobial agent against gram-negative human 
pathogens from raw or slightly processed fruits and vegetables (Galvez et al., 
2008).There is another benefit of nisin in the economic point of view. The large scale 
production that utilize Lactococcus lactis and skimmed milk has been developed and 
available, which resulted in reduction of production cost as well (Jozala et al., 2007). 
Other natural antimicrobials have been tested and now available to use, however, they are 
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CHAPTER 2. EVALUATION OF HOUSEHOLD CHEMICALS TO REDUCE 




Recent Salmonella Typhimurium and Listeria monocytogenes outbreaks and 
recalls associated with cantaloupe have led to an increasing need for sanitizing methods 
that consumers can use at home before consumption. Hot water and household chemicals 
available to consumers were tested to determine their efficacy for the reduction of S. 
Typhimurium and L. monocytogenes inoculated on cantaloupe surfaces. The efficacy of 
hot water (82C), bleach (0.25% and 0.02% chlorine), vinegar (1% and 0.1% acetic acid), 
iodine (0.1%), salt (3%) and hydrogen peroxide (1% and 0.1%) were tested either by 
soaking in the solution for 5 or 10 minutes, or by scrubbing the cantaloupe surface under 
running water for 1 minute prior to soaking in the solution. The scrubbing treatment prior 
to soaking in the sanitizer had a greater log reduction compared to only soaking in the 
sanitizer. The combination of scrubbing and hot water had the highest log reduction of S. 
Typhimurium (3.8) and L. monocytogenes (2.2). Consumers can use household chemicals 
to reduce pathogens on cantaloupe surfaces if they are present. However, the results 
indicate it is difficult to effectively remove biofilms once they are present and 
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emphasizes the importance of on-farm prevention to inhibit the formation of biofilms by 
human pathogens on cantaloupe. 
2.2. Introduction 
The recent foodborne disease outbreaks associated with cantaloupe (Cucumis 
melo L.) have heightened consumer awareness that cantaloupe can be a potential source 
of L. monocytogenes and Salmonella, which can result in illness and possible death if 
consumed.  A listeriosis outbreak in 2011 caused 33 deaths among 147 patients in 28 
states (CDC, 2012). Also, a salmonellosis outbreak in 2012 resulted in 3 deaths and 228 
people infected by S. Typhimurium in 24 states that originated from a farm in 
Owensville, Indiana (FDA, 2013). The Food and Drug Administration (FDA) 
investigated these two outbreaks to find the source of contamination.  According to the 
FDA’s final investigation report for the Jensen Farms outbreak, the processing line, 
packing area, and product samples were analyzed and found L. monocytogenes positive 
results from the grading belt, conveyor, felt rollers, and conveyor belt, and cantaloupe in 
cold storage (CDC, 2012).  The report also included environmental assessment that 
indicated low level sporadic L. monocytogenes in the field that could have been 
introduced into the processing and packing facility. For the salmonellosis outbreak, the 
FDA reported that the initial contamination occurred in the production fields and was 
spread in the packinghouse during operation with proliferation of Salmonella likely 
happening during storage and transportation (FDA, 2013). This report indicated birds as a 
source of contamination that were found in the building’s rafters. Bird droppings were 
found on the equipment, such as brush rollers, conveyor belts, and grading table. The 
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FDA also determined that the cantaloupes were not pre-cooled after harvest until storing, 
shipping and packing, which provided proper temperature and humidity for Salmonella 
growth.  
According to the Economics and Statistics System (USDA, 2012), cantaloupes are 
a very important commodity to the state of Indiana with $10,487,000 of production in 
2012. Although cantaloupe growers maintain GAPs and most use postharvest sanitizers, 
problems still persist.  The structural characteristics of the cantaloupe rind, which has a 
netted surface structure, may provide shelter for pathogens and prevent sanitizing 
solutions from directly contacting the bacteria. The number of outbreaks, deaths, and 
hospitalizations caused by cantaloupe are significantly higher compared to watermelon, 
and honeydew that have smoother surface (Walsh et al., 2014).  Beyond cantaloupe, 
recent outbreaks associated with fresh fruits and vegetables have led to an increasing 
demand for evaluation of cleaning and sanitizing methods before consumption. Further, it 
is necessary to provide consumers with methods that can be effectively used at home to 
ensure the safest product is consumed.  
The FDA advises consumers to clean their cantaloupe before eating. The 
following items summarize the FDA’s recommendations to consumers (FDA, 2012): 1) 
Examine visible damage on the surface of cantaloupe due to high risk of human pathogen 
presence (Richards & Beuchat, 2004), 2) Wash cantaloupe under running water while 
scrubbing with a brush, 3) Using clean utensils and cutting boards to avoid cross 
contamination, and 4) Store cantaloupe below 5°C.  In addition to following the 
recommendations advised by the FDA, several household products that are readily 
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available to consumers have also been tested to determine if these sanitizers could 
provide additional reduction of bacteria present on the cantaloupe surface.  Vijayakumar 
and Wolf-Hall (2002) determined that white vinegar could be used to reduce E. coli from 
contaminated iceberg lettuce. For this thesis work, the efficacy of each household 
chemical (described by Strohbehn & Domoto, 2013) was examined for the reduction of 
L. monocytogenes and S. Typhimurium from contaminated cantaloupe rinds. 
2.3. Materials and Methods 
2.3.1. Household products evaluated 
Household products (bleach, hydrogen peroxide, vinegar, iodine, and salt) were 
purchased from a local retail store.  Final concentrations used for each sanitizer treatment 
were prepared as described in Table 2.1. In addition, a commercially available sanitizer 
for fresh produce, Veggie Wash®  (Beaumont Products, Inc., Kennesaw, GA, USA), was 
used.  Veggie Wash®  contains natural and organic citrus solvents to clean fruit and 
vegetables (ingredients: purified water, potassium oleate, kosher glycerin, decyl 
glucoside, limonene (natural citrus oil), organic citrus aurantium dulcis (orange) peel oil, 
helianthus annuus (sunflower) seed oil, rosmarinus officinalis (rosemary) leaf extract, and 
potassium sorbate). Following the label instructions, samples were treated with diluted 
VEGGIE WASH®  prepared by mixing ¼  cup in 1 gallon of water. In addition to 
household chemicals, hot water treatments (82°C) were conducted in order to compare to 
the efficacy of household chemicals because hot water treatment can be easily applied at 
home.   
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Table 2.1. Preparation of water and each household chemical solution with treatment 
method and time that were tested for ability to reduce L. monocytogenes and S. 







Water Water Distilled water 
- 5 
Yes - 
































1 cup of 3% hydrogen peroxide and 






















2 tablespoon of hydrogen peroxide 







AA) & Salt 
(NaCl) 
0.1% AA & 
3.0% NaCl 
2/3 tablespoon of vinegar and 2 















a. Final concentration of each chemicals by diluting household chemicals with distilled water 
b. Dilution is per label instruction of Veggie Wash®  product 
c. Scrubbing cantaloupe surface for 1 minute in the solution 
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2.3.2. Bacterial strain storage and growth conditions 
A 20 ml overnight culture of each L. monocytogenes 10403S and S. Typhimurium 
were grown in Brain Heart Infusion (BHI; BD, Sparks, MD, USA) broth and Luria-
Bertani (LB; BD, Sparks, MD, USA) broth, respectively, at 37˚C from 7% DMSO freezer 
stocks stored at -80C.  Each culture was washed three times with 0.1M phosphate buffer 
(pH 7.0; PB; Macron, Center Valley, PA, USA) to remove the growth medium by 
centrifuging the samples at 3,000 rpm for 6 minutes, removing the supernatant, and 
resuspending the resulting pellet in 20 ml of PB. 
2.3.3. Cantaloupe inoculation and initial inoculum enumeration 
Cantaloupes were purchased from a local grocery store, West Lafayette, IN.  The 
rind was aseptically removed and cut into 5 cm2 samples containing minimal amounts of 
flesh.  Each rind surface was spot-inoculated with 200 μl of equal volumes of a S. 
Typhimurium and L. monocytogenes mixed culture (initial inoculum concentration of ca. 
107 CFU/ml). Cultures were enumerated by serial dilution using phosphate buffer as the 
diluent and spread plating on LB agar.   
2.3.4. No treatment control, control treatment, and sanitizer treatments 
Following spot-inoculation the samples were incubated for 1.5 hours at room 
temperature to allow for biofilm formation.  The FDA recommended cantaloupe handling 
protocol served as the control treatment (CT).  Each treatment with water, hot water, 
household chemical solutions, and currently used sanitizing solutions were performed as 
described in Table 2.1.  No-treatment control (NTC) samples were prepared exactly as 
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the treatment samples, but they were not washed or exposed to a sanitizer treatment.  
These samples were used to calculate the average log reduction following the treatment.  
The FDA’s recommendation of scrubbing 1 minute under running water was compared 
with that of each household chemical treatment. One of the main objectives of the 
experimental design was to compare the efficacy between scrubbing and without a 
scrubbing treatment. Another objective was to test the efficacy of each household 
chemical treatment under the same condition, such as presence of scrubbing, soaking 
time, and concentration of household chemical. After the treatment, the samples were 
blended for 2 minutes in 100 ml PB.  Serial dilutions were performed using PB as the 
diluent and five replicates from each treatment were plated on Modified Oxford (MOX; 
BD, Sparks, MD, USA) medium for the enumeration of average CFU/ml of L. 
monocytogenes and XLT4 (BD, Sparks, MD, USA) medium for the enumeration of S. 
Typhimurium.  The plates were incubated overnight at 37°C (XLT4) and at 30°C for 48 
hours (MOX).  
2.3.5. Statistical analysis 
The mean log reduction values following treatment were calculated by dividing 
the mean CFU/ml for the no treatment control by the mean CFU/ml for each treatment 
and then taking the log10 of the result. Standard errors for the log reduction values were 
calculated using propagation of error formulas. To identify the significant differences in 
efficacy between the household chemical treatments, a one-way Analysis of Variance 
(ANOVA) and Tukey’s Honest Significant Difference (HSD) tests were performed at a 
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significance level of 0.05 using SPSS Statistics 22 (IBM Corporation, Armonk, NY, 
USA). 
2.3.6. Cryo Scanning Electron Microscopy (CryoSEM) 
Cantaloupe rinds were prepared for CryoSEM analysis to examine the formation 
of biofilms on the surface of the cantaloupe after contamination. Cantaloupe rinds were 
cut into 1X1 cm sections and were contaminated with S. Typhimurium and L. 
monocytogenes as described previously.  The contaminated samples were incubated for 
1.5 hours at room temperature. The samples examined were a rind surface with no 
bacteria added, a rind surface with S. Typhimurium and L. monocytogenes added, and a 
sample with bacteria added that had been treated with hot water (82°C) for 5 minutes 
after scrubbing under running water for 1 minute. 
To visualize the samples using CryoSEM, the samples were attached to a sample 
holder using carbon tape and plunged into a liquid nitrogen slush. A vacuum was pulled 
and the samples were transferred to a Gatan Alto 2500 pre-chamber (Gatan, Inc., 
Pleasanton, CA, USA) cooled to -180°C where they were sublimated at -90°C for 15 
minutes followed by sputter coating for 90 seconds with platinum. The samples were 
imaged with an FEI NOVA nanoSEM field emission scanning electron microscope (FEI 
Company, Hillsboro, OR) using the Everhart-Thornley detector operating at 5kV 
accelerating voltage, 4.0-5.0 working distance, and 30 mm aperture. The collected images 
were cropped and reduced in resolution using Adobe Photoshop CS3. 
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2.3.7. Subjective cantaloupe quality evaluation after hot water treatment 
Whole cantaloupes were treated with hot water (82°C) to evaluate the appearance 
and taste following treatment to ensure the treatment did not reduce the sensory qualities 
of the cantaloupe. Cantaloupes were soaked in hot water (82°C) for 5 minutes and 10 
minutes and then allowed to cool for 5 minutes at room temperature. The cantaloupes 
were examined by visual inspection for negative quality attributes following treatment. 
2.4. Results and Discussion 
In this study, the efficacy of household chemicals, such as bleach, vinegar, 
hydrogen peroxide, salt, iodine, and Veggie Wash® , were tested to determine if any of the 
chemicals were a suitable at home sanitizer for consumers. Scrubbing the cantaloupe 
under running water for 1 minute and then soaking in each household chemical solution 
for 1 minute was used to test the efficacy of each household chemical.  Scrubbing the 
surface of the cantaloupe prior to soaking in the treatment for each household chemical 
solution had a better log reduction than the treatment without scrubbing. The hot water 
(82°C) treatment had the highest log reduction for both L. monocytogenes and S. 
Typhimurium from the surface of cantaloupe regardless of the scrubbing treatment. 
However, most of other household chemical treatments showed low log reductions 
presumably due to the presence of biofilms on the surface of cantaloupe (described later), 
which are able to protect bacteria from directly contacting the sanitizing solutions (Ukuku 




Even though there are GAPs followed by producers and distributors, it is very 
difficult to remove or kill pathogens from fresh produce once contaminated. Therefore, 
preventing microbial contamination from production to distribution is very important 
(Suslow, 2004). Although not killing all of the bacteria present, the hot water treatment 
had the highest log reduction of bacteria and can be used as a method to reduce pathogens 
from cantaloupe rinds in addition to household chemicals. Other studies examining hot 
water as a sanitizer for cantaloupes in large-scale commercial applications have also 
found it is an effective sanitizer (Annous et al., 2004; Solomon et al., 2006).  
To observe how S. Typhimurium and L. monocytogenes interacted with the 
cantaloupe rind, microscopic analysis was performed using CryoSEM.  From the 
CryoSEM images, it was observed that the bacteria were able to form a biofilm during 
the 1.5 hours of incubation (Figure 2.1, A and B) compared to the no bacteria added 
control (Figure 2.1, C and D).  Bacterial adhesion to the surface of the cantaloupe is a 
very rapid step so that development of the biofilm begins in first minutes to 2 hours after 
inoculation (Sommer & Mettler, 1999).  The rapid formation and maturation of biofilm 
supports the results of low log reductions in this experiment, because these bacteria are 
harder to remove from the surface and it is more difficult for the sanitizer to reach the 
bacteria protected in the biofilm.  A previous study showed that a biofilm of Salmonella 
has high resistance to sanitizers so that is difficult to inactivate biofilm on a plastic 
surface even after 25 minutes of exposure to 0.01% chlorine solution (Joseph et al., 
2001). In addition, bacteria in biofilms have been shown to be more resistant (15-3,000X) 
to hypochlorous acid compared to bacteria not present in a biofilm (LeChevallier et al., 
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1988).  The meshwork of netting on the surface of cantaloupe provides large spaces for 
Salmonella to avoid contact with sanitizers (Annous et al., 2004). 
Internalization of pathogens in plant systems is another issue that interferes with 
enhancing the efficacy of sanitizers. E. coli O157:H7 (Erickson et al., 2013) and L. 
monocytogenes (Ö lmez & Temur, 2010) are capable of internalizing in lettuce tissues. It 
has also been shown that S. Typhimurium is able to internalize into mung bean and 
peanut stem (Deering et al., 2011, 2012). The surface structure, presence of biofilm, and 
possible bacterial internalization are likely responsible for the lowered efficacy of 






Figure 2.1. CryoSEM micrographs of cantaloupe surface.  
(A) with no bacteria added 5,000× magnification; (B) with no bacteria added 10,000× 
magnification; (C) no-treatment control sample at 5,000× magnification; (D) no-
treatment control sample at 10,000× magnification; (E) cantaloupe surface after hot 
water treatment at 5,000× magnification; (F) cantaloupe surface after hot water treatment 







The FDA recommended protocol was more effective than some, but not all, 
potential at home treatments under the conditions tested (Figure 2.2 to 2.4).  The hot 
water (82°C) treatment both with and without scrubbing showed the highest log 
reductions for removing both S. Typhimurium and L. monocytogenes from the cantaloupe 
rind among all treatments tested. Scrubbing under running water for 1 minute that follows 
the FDA recommendation had no statistically significant higher log reduction (p > 0.05, 
Tukey’s HSD) than just 5 minutes soaking in water for both S. Typhimurium and L. 
monocytogenes. According to the results, the FDA’s recommendation did not show any 
statistically significant difference from most household chemical treatments (p > 0.05, 
Tukey’s HSD). 
S. Typhimurium had the highest log reduction, 3.8, achieved by the treatment of 
scrubbing under running water for 1 minute before soaking in hot water (82°C) for 5 
minutes and had a statistically significant difference (p < 0.05, Tukey’s HSD) compared 
to treatment with scrubbing under running water for 1 minute (Figure 2.2). The use of 
82°C hot water was chosen because it is a recommended treatment for sanitizing 
equipment by the FDA (FDA, 2010). It is similar to the log reduction (2.0 and 3.4) 
attained using 70°C and 90°C water treatments of whole cantaloupe inoculated with a 
cocktail of Salmonella serovars (Ukuku et al., 2004). The mixed solution treatment of 
0.1% acetic acid (AA) and 3.0% NaCl for 10 minutes after scrubbing under running 
water for 1 minute had the second highest log reduction, 3.2, and the treatment of 0.1% 
iodine for 5 minutes after scrubbing under running water for 1 minute had a 3.1 log 
reduction (p < 0.05, Tukey’s HSD).  
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For the bleach treatments with S. Typhimurium, the results had similar log 
reductions of 1.6 and 1.4, in each treatment with 0.02% chlorine and 1.6 and 1.8 log 
reduction when soaked for 5 minutes in 0.25% chlorine with/without scrubbing as shown 
in Figure 2.2 and 2.3. All bleach treatments showed no statistically significant difference 
from the FDA recommended method to reduce S. Typhimurium from the cantaloupe 
surface (p < 0.05, Tukey’s HSD). It is a similar results with previous research that 
determined the efficacy of 0.02% chlorine treatment for 1 minute for S. Typhimurium 
contaminated cantaloupe resulted in 1.8 log reduction (Parnell et al., 2005). Treatments 
with scrubbing and soaking in bleach solutions for 1 minute had a 2.1 (0.25% chlorine) 
and 1.7 (0.02% chlorine) log reduction.  The treatment with 1.0% hydrogen peroxide for 
10 minutes showed a high log reduction, 2.6, for S. Typhimurium compared to the other 
hydrogen peroxide treatments.  
L. monocytogenes, overall, had a relatively low log reduction for all treatments 
tested. Both 5 minute hot water treatments with and without scrubbing treatments had a 
2.2 and 2.5 log reduction respectively while other treatments had less than a 2 log 
reduction (Figure 2.2 to 2.4). In the treatments with scrubbing and soaking in the solution 
for 1 minute (Figure 2.4), 0.1% iodine and bleach (0.25% chlorine) treatments had a 2.3 
and a 2.2 average log reduction.  However, only hot water treatment for 5 minutes 
without scrubbing is statistically significantly different from the treatment with scrubbing 
1 minute under running water that is the FDA’s recommendation (p < 0.05, Tukey’s 
HSD) for reduction of L. monocytogenes. In comparison with the reduction of S. 
Typhimurium, the treatment of 0.1% iodine for 5 minutes after scrubbing under running 
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water for 1 minute, which showed a 3.1 log reduction of S. Typhimurium, had a 0.7 log 
reduction for L. monocytogenes. It has been reported that gram-negative bacteria are 
more sensitive than gram-positive bacteria to similar environments (Lin et al., 2000) and 
that gram-positive bacteria have higher growth in a biofilm compared to gram-negative 







Figure 2.2. Average log reduction (CFU/ml) of Salmonella Typhimurium (black) and Listeria monocytogenes (grey) from 
cantaloupe by each treatment without scrubbing.  
Treatments were done by soaking a piece of cantaloupe sample into each solution for 5 minutes and 10 minutes. An ANOVA and 
Tukey’s HSD method using SPSS 22 (IBM) was performed to determine significance difference (p < 0.05) in log reduction for 
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Figure 2.3. Average log reduction (CFU/ml) of Salmonella Typhimurium (black) and Listeria monocytogenes (grey) from 
cantaloupe by each treatment with scrubbing.  
Treatments were done by scrubbing a piece of cantaloupe sample under running water for 1 minute and then by soaking into each 
solution for 5 minutes and 10 minutes. An ANOVA and Tukey’s HSD method using SPSS 22 (IBM) was performed to determine 
significance difference (p < 0.05) in log reduction for each treatment. Different letters, A-F, indicate statistically significant 
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Figure 2.4. Average log reduction (CFU/ml) of Salmonella Typhimurium (black) and Listeria monocytogenes (grey) from 
cantaloupe by each treatment.  
Treatments were done by scrubbing a piece of cantaloupe sample in each solution for 1 minute and then by soaking into each 
solution for 1 minute. An ANOVA and Tukey’s HSD method using SPSS 22 (IBM) was performed to determine significance 
difference (p < 0.05) in log reduction for each treatment. Different letters, A-F, indicate statistically significant differences 
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CHAPTER 3. EFFICACY OF ELECTROCHEMICALLY ACTIVATED WATER AND 
UV FOR THE REDUCTION OF LISTERIA MONOCYTOGENES AND SALMONELLA 
S.V. TYPHIMURIUM ON CANTALOUPE 
 
3.1. Abstract 
The outbreaks and recalls associated with cantaloupe contaminated with 
Salmonella s.v. Typhimurium and Listeria monocytogenes have heightened the need for 
methods to better clean and sanitize the surface of the cantaloupe during post-harvest 
treatments. In this study the use of Electrochemically Activated (ECA) water to reduce S. 
Typhimurium and L. monocytogenes inoculated on cantaloupe surfaces was examined. 
ECA water consists of anolyte solution (chlorine species sanitizer) and catholyte solution 
(highly basic detergent) produced by electrolysis of water. The inclusion of a UV 
treatment was also tested to determine if it improved sanitization by ECA water alone. 
The combination of scrubbing the surface of the cantaloupe in catholyte solution for 1 
minute, soaking in the anolyte solution (200 ppm free available chlorine, pH = 6.5) for 1 
minute, and a UV treatment for 1 minute (13,560 uW/cm2) had the highest average log 
reduction, 3.3 for S. Typhimurium and 3.6 for L. monocytogenes.  Sanitizers that are 
currently used in the industry (60 ppm peracetic acid and 20 ppm chlorine dioxide) 




sanitizer for the fresh produce industry as it can reduce bacterial pathogens on the surface 
of cantaloupe better than sanitizers currently used by the industry. 
3.2. Introduction 
Postharvest technologies for fresh produce have been developed to minimize 
pathogen contamination and outbreaks. Good Agricultural Practices (GAPs) and Good 
Manufacturing Practices (GMPs) are the strategies that have been introduced to eliminate 
or reduce pathogens from fresh produce. It is difficult to eliminate pathogens on produce 
so studies have focused on methods that significantly reduce pathogen load using 
physical, chemical, gaseous, and other emerging treatment technologies (Mahajan et al., 
2014). However, the consumption of fresh produce and number of outbreaks have still 
increased in the United States (CDC, 2014). 
Although the frequency of incidence of outbreak and illness associated with 
cantaloupe is low, it has caused large multistate outbreaks with many cases of illness 
once pathogenic contamination occurred. The two largest outbreaks of foodborne illness 
associated with cantaloupe happened in 2011 and 2012. Both the Jensen Farms, Colorado 
outbreak of Listeria monocytogenes in 2011 that resulted in 33 deaths and 147 cases and 
the Salmonella outbreak in Indiana in 2012 that resulted in 3 deaths and 228 cases 
showed that improper postharvest handling can cause disease (FDA, 2012). According to 
the final report for each outbreak, there were several sources of contamination, including 
filthy storage, conveyor belt, and packing house, which provided the optimum condition 




Cantaloupe has specific characteristics of surface structure that make sanitation 
difficult. The surface of cantaloupe rind has a complicated and rough structure that 
provides shelter for pathogens and keeps aqueous sanitizing solutions from making direct 
contact (Ukuku et al., 2004).  It was demonstrated in our previous study using Cryo-
Scanning Electronic Microscopy (CryoSEM) that L. monocytogenes and S. Typhimurium 
formed biofilms on the surface of cantaloupe during 1.5 hours of incubation at 25°C. 
These inoculated cantaloupe showed less than a 2 log reduction using conventional 
chemical sanitizing solution treatments, including chlorine, hydrogen peroxide, acetic 
acid etc. Research from Walsh et al. (2014) indicated that the number of outbreaks, 
deaths, and hospitalizations associated with cantaloupe were significantly higher than 
those of watermelon and honeydew in the United States from 1973 to 2011 due to the 
surface structure of cantaloupe. This surface structure can lead to an uneven distribution 
of microbial populations on the surface of cantaloupe, which enables bacteria to survive 
and contaminate cantaloupe even after washing and sanitizing (Dobhal et al., 2015).  
Numerous methods have been studied to reduce pathogen contamination in 
cantaloupe. Chemical sanitizing solutions like chlorine, chlorine dioxide, and peracetic 
acid (PAA) are widely used for treatment of cantaloupe on farms and in industry due to 
ease of use and economic considerations. Chlorine is the most commonly used sanitizing 
compound that is effective on a wide range of pathogens contaminating fresh produce. 
Normally a 50 to 200 ppm concentration of free chlorine (from sodium hypochlorite, 
NaOCl) in solution is used with a 1 to 2 minute treatment time (Parish et al., 2003). Many 




pathogens on cantaloupe and they typically show about a 2 log reduction (or less) of 
pathogenic bacteria (Alvarado-Casillas et al., 2007; Fan et al., 2009; Parnell et al., 2005; 
Sapers et al., 2001; Ukuku, 2006).  
In this study we examine the possibility of using a novel sanitizing method based 
on Electrochemically Activated (ECA) water to reduce the risk of outbreaks of listeriosis 
and salmonellosis associated with cantaloupe. ECA water is generated by electrolysis of 
tap water containing dissolved sodium chloride and acts as a disinfectant by virtue of 
containing free available chlorine (FAC). Figure 3.1 explains the principle of ECA water 
generation and shows what chemical components exist in the anolyte solution and the 
catholyte solution. Anolyte solution contains free available chlorine, hypochlorous acid 
(HOCl) and hypochlorite ion (OCl-), for example. According to Al-Haq & Gómez-López 
(2012), HOCl is an effective sanitizer that exists at low pH of ECA water but OCl- 
present at higher pH is less effective. Therefore, the efficacy of anolyte solution is pH 
dependent because the concentration of HOCl determines the bactericidal effect and it 
depends on pH value (Al-Haq et al., 2005). Len et al (2000) found that the high 
correlation between the concentration of HOCl and bactericidal effectiveness of ECA 
water and the maximum concentration of HOCl was achieved at pH 4. However, Suslow 
(1997) and Chaidez et al. (2012) suggested that maintaining a solution pH between 6.0 
and 7.5 showed the best antimicrobial activity and stability of HOCl and can minimize 
the corrosion of equipment at the same time. Catholyte solution contains sodium 
hydroxide (NaOH), is highly basic (pH >11.3), and acts as a detergent to clean and wash 




fresh produce were reduced by catholyte solution when used in combination with anolyte 




Figure 3.1. Principle for generation of catholyte and anolyte solution by membrane 
electrolysis of water.  
Chemical reaction formulae are described in detail to show what happens in the anode 






ECA water is considered as an alternative sanitizing solution to chlorine solutions 
that are prepared using NaOCl or calcium hypochlorite (Ca(ClO)2). Waters & Hung 
(2014) indicated that anolyte solution contains more free radicals that can kill bacteria 
than other chlorine solutions. In addition to the better efficacy of ECA water compared to 
chlorine solution, it also has other advantages (Al-Haq et al., 2005) as follows; 
 On-site production is possible with just water, salt and electricity 
 Environmentally friendly: No added chemicals in water, except for NaCl, which 
can be reverted to normal water 
 Cost effective in terms of production of free available chlorine by electrolysis 
($0.34/kg of chlorine) compared to that produced from 15% sodium 
hypochlorite solution ($2.70/kg of chlorine) 
 Reduced harmful by-product production, such as chloramines and 
trihalomethanes, due to its better efficacy than chlorine solution at same 
concentration 
Ultraviolet (UV) illumination was first shown to be effective for preservation of 
foods in the 1930s and has been used ever since. It was developed for and applied to 
water disinfection in Europe in the 1980s. The more consumer friendly term UV 
illumination has become more commonly used today instead of UV radiation or UV 
irradiation. (Gómez-lópez, 2012). The antimicrobial mechanism of UV light is based on 
the formation of thymine dimers, which prevent DNA replication (Slieman & Nicholson, 
2000). Research has shown that UV illumination has the capability to reduce pathogens 
found on fresh produce. Salmonella spp. and E. coli O157:H7 showed a 2.7 and 2.8 log 





3.3. Materials and Methods  
3.3.1. Cantaloupe Preparation 
Cantaloupe were purchased from a local grocery store and samples were prepared 
by removing the rind and cutting it into 2 inch square size pieces that contained minimal 
amounts of flesh. Five cantaloupe pieces were prepared as replicates for each sanitizing 
treatment and for control samples without treatment. 
3.3.2. Sample Inoculation 
Freezer stocks of Listeria monocytogenes and Salmonella Typhimurium were 
used to inoculate 20 ml of Luria-Bertani (LB; BD, Sparks, MD, USA) broth for S. 
Typhimurium and Brain Heart Infusion (BHI; BD, Sparks, MD, USA) broth for L. 
monocytogenes at 37°C for 12 hours.  Inoculum was prepared by centrifuging the culture 
three times at 3000 rpm for 6 minutes and resuspending the bacterial cells in 20 ml of 0.1 
M phosphate buffer (PB; Macron, Center Valley, PA, USA). The surface of each piece of 
cantaloupe rind was then inoculated with 200 μl of prepared Salmonella Typhimurium 
and Listeria monocytogenes mixed culture (initial inoculum ≅ 107 CFU/ml) and 
inoculated cantaloupe samples were incubated for 1.5 hour at 25℃.  
3.3.3. Electrochemically Activated (ECA) Water 
ECA water was prepared using an ECA water generator (UL-02; Clarentis 
Technologies LLC, Palm Beach Gardens, FL, USA) which separated chlorine containing 




available chlorine (FAC) of anolyte solution was 200 ppm as measured by HACH 
DR2700TM Portable Spectrophotometer (HACH Company, Loveland, CO, USA). An 
Oakton pH meter (OAKTON Instruments, Vernon Hills, IL, USA) was used to measure 
pH 6.0-6.5 for anolyte solution and pH 12 for catholyte solution for each treatment.  
3.3.4. Sanitizers 
The sanitizing chemical solutions and methods of treatment are described in Table 
1. To compare the efficacy of ECA water in reducing L. monocytogenes and S. 
Typhimurium levels on the cantaloupe surface with commercially used sanitizers, 
sanitizing solutions containing chlorine, chlorine dioxide, and peracetic acid (PAA), were 
prepared. 200 ppm of FAC chlorine solution was prepared by diluting 5% sodium 
hypochlorite solution (Avantor Performance Materials, Center Valley, PA, USA) with 
distilled water. 20 ppm of chlorine dioxide solution was prepared by diluting 500 ppm 
chlorine dioxide solution (Selectrocide™ 2L500; Selective Micro Technologies, LLC, 
Beverly, MA, USA) with distilled water. For a sanitizing solution containing 60 ppm 
PAA, SaniDate®  5.0 (5.25% of PAA solution; BioSafe System, Hartford, CT, USA) was 
diluted with distilled water. 
3.3.5. Treatments 
Treatments were designed to mimic on-farm postharvest treatment of cantaloupe, 
which is composed of scrubbing the surface of cantaloupe with vegetable brush for 1 
minute in sanitizing solution and then soaking in the solution for 1 minute. Each 




scrubbing treatments a sterile vegetable cleaning brush was used. To keep the brush 
sterile it was soaked in 95% ethanol solution for 1 minute then rinsed with distilled water 
before being reused. For soaking treatments, cantaloupe samples were picked and 
transferred to each treatment solution by using sterilized forceps. For the UV treatment, 
cantaloupe samples were transferred on a sterile metal tray and put into the UV 
illumination system for 1 minute. The range of UV light intensity was 12,770 ~ 13,860 
uW/cm2 for this experiment. All of the treatments are described in Table 1. No-treatment 
control (NTC) samples were also prepared exactly as the treatment samples except they 
were not exposed to the sanitization treatment and were used to calculate average log 
reduction following the treatment. 
3.3.6. Enumeration of bacterial colonies and log reduction calculation 
Following the treatments described in Table 1 the cantaloupe samples were 
blended in 100 ml of PB for 2 minutes. Serial dilutions were performed using PB as the 
diluent and five replicates from each treatment were plated on Modified Oxford (MOX; 
BD, Sparks, MD, USA) medium for the enumeration of L. monocytogenes and XLT4 
(BD, Sparks, MD, USA) medium for enumeration of S. Typhimurium. The plates were 
incubated at 30°C for 48 hours (MOX) and 37°C overnight (XLT4). The mean log 
reduction values were calculated by dividing the mean CFU/ml for the no-treatment 
control by the mean CFU/ml for each treatment and then taking the log10 of the result, 




3.3.7. Statistical Analysis 
Five replicates for inoculated cantaloupe samples were tested by eleven 
treatments and five replicates of no-treatment control were analyzed (total of 60 
samples). SPSS 22 (IBM Corporation, Armonk, NY, USA) was used for a one-way 
Analysis of Variance (ANOVA) and Tukey’s Honest Significant Difference (HSD) 
method to compare multiple means and to determine statistically significant (P < 0.05) 
difference. 
3.4. Results and Discussion 
In this study, we used ECA water and UV light to sanitize cantaloupe surfaces 
that were inoculated with L. monocytogenes and S. Typhimurium. The triple combination 
of catholyte, anolyte, and UV treatment showed the best efficacy, a 3.6 and 3.3 log 
reduction, for Listeria and Salmonella respectively. This compares favorably with single 
and other combination treatments that showed a range of 0.6-3.1 log reduction. Overall, 
combination treatments showed better efficacy than single treatments and the results also 
indicated that the scrubbing treatment was a better method to remove pathogens from 
cantaloupe surfaces than the soaking treatment. UV treatment showed a synergistic effect 
on reduction of pathogens from the surface of cantaloupe when compared to the results 
without UV treatment. The triple combination treatment also showed a higher log 
reduction than currently used sanitizing solutions, PAA, chlorine dioxide, and chlorine, 




3.4.1. Efficacy of single treatments 
The average log reduction of L. monocytogenes and S. Typhimurium by each 
treatment was calculated as described in Section 3.3.7. As shown in Figure 3.2, the 
control treatment of soaking the inoculated cantaloupe sample in water for 1 minute 
showed a 0.8 log reduction for L. monocytogenes and a 0.6 log reduction for S. 
Typhimurium. These reductions are statistically significantly different (p < 0.05, Tukey’s 
HSD) from the triple combination treatment of catholyte, anolyte, and UV treatment that 
showed a 3.6 and 3.3 log reduction of L. monocytogenes and S. Typhimurium 
respectively. The results from other single treatments that include soaking in catholyte 
solution, scrubbing in catholyte solution, and UV treatment, showed a 1.3, 2.1, and 2.1 
log reduction of L. monocytogenes, respectively, which were statistically significant 
worse than the triple combination treatment (p < 0.05, Tukey’s HSD).  For S. 
Typhimurium, the log reductions were 2.9, 2.4, and 2.2 for each single treatment, which 
were higher than the log reductions for L. monocytogenes. The overall results from single 
treatments with ECA water and UV treatment showed statistically significantly higher (p 








Figure 3.2. Average log reduction of Listeria monocytogenes and Salmonella Typhimurium on cantaloupe surface by single or 
combination sanitizing treatment.  
Initial inoculum was about 107 CFU/ml. Statistical analysis (ANOVA and Tukey’s HSD method by SPSS 22, IBM) was 
performed to determine significance difference (p < 0.05) in log reduction for each treatment. Different letters, A-F, indicate 


















































   
3.4.2. Comparison of the efficacy of soaking and scrubbing treatments 
The purpose of this test was to compare the efficacy of soaking the inoculated 
cantaloupe sample in sanitizing solution with scrubbing the cantaloupe surface while in 
the sanitizing solution. Soaking in catholyte solution showed a 1.3 log reduction of L. 
monocytogenes, which was lower than that of scrubbing in catholyte solution (2.1 log 
reduction) as shown in Figure 3.2. This is consistent with the FDA’s recommendation to 
consumers to scrub the cantaloupe surface with a vegetable brush under running water for 
1 minute before eating (FDA, 2010).  On the other hand, for S. Typhimurium, soaking in 
catholyte solution showed a 2.9 log reduction, which was higher than scrubbing in 
catholyte solution (2.4 log reduction) as shown in Figure 3.2. Neither of these differences 
were statistically significant (p > 0.05, Tukey’s HSD).  
Another comparison between soaking and scrubbing treatments using 
combinations of ECA water was performed. One treatment was the combination of 
soaking the inoculated cantaloupe sample in catholyte solution and then soaking again in 
anolyte solution (200 ppm FAC, pH 6.5). The other treatment was the combination of 
scrubbing the cantaloupe surface in catholyte solution and then soaking in anolyte 
solution (200 ppm, pH 6.5). The scrubbing combination treatment showed higher log 
reductions, 2.5 and 3.1 for L. monocytogenes and S. Typhimurium respectively, than the 
soaking combination treatment, which had 1.9 and 2.0 log reductions as shown in Figure 
3.2. These results indicate that the scrubbing treatment was more effective in reducing 
pathogens from the cantaloupe surface when compared with just soaking. However, there 




   
3.4.3. The efficacy of UV treatment 
It was assumed that the combination of ECA water and UV treatment for 
cantaloupe would show better efficacy when compared with ECA water alone in reducing 
pathogen levels on the surface of cantaloupe. To test the efficacy of the UV treatment 
alone, cantaloupe samples were placed on a stainless steel tray and then treated under UV 
light (13,860 uW/cm2) for 1 minute. This resulted in 2.1 and 2.2 log reductions of L. 
monocytogenes and S. Typhimurium on the surface of cantaloupe respectively. This 
result indicated that the efficacy of the combination of ECA water and UV treatment was 
higher than UV treatment alone.  The combination of scrubbing cantaloupe surface in 
catholyte solution and UV treatment (12,770 uW/cm2) showed 2.3 and 2.5 log reductions 
for L. monocytogenes and S. Typhimurium, which were slightly higher than UV alone. 
With UV treatment, ECA water treatment of scrubbing in catholyte solution and soaking 
in anolyte solution showed the highest log reductions (3.6 and 3.3) of L. monocytogenes 
and S. Typhimurium from the cantaloupe surface. These combinations showed higher 
efficacy than that of the same ECA water treatment without UV, which showed a 2.5 and 
3.1 log reduction respectively. The Tukey’s HSD test showed significant difference in 
reduction of L. monocytogenes (p < 0.05, Tukey’s HSD), however, there was no 






   
3.4.4. Comparison of the efficacy of ECA water and currently used chemical sanitizers  
Using the same treatment condition of scrubbing the cantaloupe surface in 
sanitizing solution for 1 minute and then soaking in solution for 1 minute, we tested the 
efficacy of currently used sanitizing chemicals to reduce pathogen levels on the 
cantaloupe surface in order to compare them with the efficacy of ECA water. Currently 
used sanitizing chemical solutions (chlorine, chlorine dioxide, and peracetic acid) showed 
lower log reductions than those of ECA water combination treatments. 200 ppm chlorine 
solution treatment showed a 1.2 and 0.9 log reduction of L. monocytogenes and S. 
Typhimurium. 20 ppm chlorine dioxide solution showed a 1.1 and 1.0 log reduction of L. 
monocytogenes and S. Typhimurium. 60 ppm PAA solution showed a 1.2 and 1.3 log 
reduction of L. monocytogenes and S. Typhimurium as shown in Figure 3.3. In log 
reduction for both L. monocytogenes and S. Typhimurium, the triple combination of 
catholyte, anolyte, and UV treatment was statistically significantly better than the 
currently used sanitizer treatments (p < 0.05, Tukey’s HSD), which were not statistically 
significantly different from the treatment of soaking in water for both L. monocytogenes 
and S. Typhimurium (p > 0.05, Tukey’s HSD). 
 
  





Figure 3.3. Average log reduction of Listeria monocytogenes and Salmonella Typhimurium on cantaloupe surface by combination 
treatment of each solution.  
Initial inoculum was about 107 CFU/ml. Statistical analysis (ANOVA and Tukey’s HSD method by SPSS 22, IBM) was performed to 
determine significance difference (p < 0.05) in log reduction for each treatment. Different letters, A-F, indicate statistically significant 
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In this study we tested ECA water and UV light to sanitize cantaloupe surfaces 
inoculated with L. monocytogenes and S. Typhimurium. Cantaloupe growers and 
processors cool down and sanitize cantaloupes by dipping them into water that contains 
sanitizing chemical compounds, such as chlorine, chlorine dioxide, and peracetic acid, 
which have been approved for this purpose by the EPA and the FDA (FDA, 2013). The 
triple combination of scrubbing the surface of the cantaloupe in catholyte for 1 minute, 
soaking in the anolyte solution with 200 ppm free available chlorine (pH = 6.5) for 1 
minute, and a UV treatment for 1 minute (13,560 uW/cm2) had the highest average log 
reduction, 3.3 for S. Typhimurium and 3.6 for L. monocytogenes, respectively. This 
combination showed a higher log reduction of pathogens on the cantaloupe surface when 
compared to currently used sanitizing solutions, 200 ppm chlorine, 20 ppm chlorine 
dioxide, and 60 ppm PAA.  These results indicate that it is relatively difficult to remove 
bacterial pathogens once cantaloupe are contaminated during production and/or 
postharvest handling by using sanitizing chemical solutions, possibly due to biofilm 
formation on the surface of cantaloupe. Many studies reported that biofilm formation by 
pathogens might provide shelter for bacteria, which prevents direct contact of the 
sanitizing solution with the bacterial cell wall (Annouset al., 2005; Sapers et al., 2001; 
Ukuku et al., 2001). 
Even though our test results indicate that ECA has good efficacy for reduction of 
L. monocytogenes and S. Typhimurium from the cantaloupe surface, it has not yet been 
approved to sanitize fresh produce by the EPA and the FDA. To minimize the risk of 




   
Manufacturing Practices (GMPs) have been applied to the fresh produce industry. 
According to our test results and the FDA publication (Parish et al., 2003), commonly 
used sanitizing chemicals alone are not enough to sanitize contaminated fresh produce. 
ECA water has other positive attributes in addition to good sanitizing ability for fresh 
produce, such as on-site production, environmentally friendly properties, and reduced 
harmful by-products for human health. ECA water is a promising and cost effective 
sanitizer for the fresh produce industry as it can reduce bacterial pathogens on the surface 
of cantaloupes better than peracetic acid and chlorine dioxide, both of which are currently 
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CHAPTER 4. MICROBIOLOGY CHALLENGE TESTING FOR GRAIN BLEND 
PRODUCTS INOCULATED WITH E. COLI O157:H7, LISTERIA 
MONOCYTOGENES, AND SALMONELLA S.V. TYPHIMURIUM 
  
4.1. Abstract 
 MicroGARD® 730 (Dupont Inc., Wilmington, DE, USA), is a fermented milk 
product that contains antimicrobial metabolites that has been shown to inhibit the growth 
of bacteria, yeasts and molds. Four different types of grain blend products that contained 
various types of grains and legumes were tested with and without the addition of 0.65% 
w/w of MicroGARD® 730. The samples were inoculated with 104 CFU/g of E. coli 
O157:H7, Listeria monocytogenes, and Salmonella Typhimurium and stored at 4℃ and 
10℃. The grain blend products were sampled every day for 12 days (shelf-life of the 
product) by spread plating on a selective medium for each bacterium tested. In this study, 
all MicroGARD® 730 treated samples that were stored at 4℃ showed below 1 log 
increase of all pathogens tested for 12 days, which demonstrates that the antimicrobial 







   
4.2. Introduction 
It is important to consumers to purchase foods with good quality and safety. 
Sensory quality factors, such as flavor, color, moistness, odor, and texture, are associated 
with spoilage bacteria that may determine the effective shelf-life of food (Barth et al., 
2010; Brackett, 1994; Sapers et al., 2001). Most spoilage microorganisms alter these 
properties of food and can be recognized easily by consumers. On the other hand, it is not 
possible to tell whether food is contaminated by pathogens because there is no evidence 
of changes in sensory values of food. Major human pathogens, E. coli O157:H7, Listeria 
monocytogenes, and Salmonella s.v. Typhimurium, for example, do not change any 
sensory value of foods. Antimicrobials preserve food longer by inhibiting the growth of 
spoilage and pathogenic microorganisms. 
Fresh produce, minimally processed fruits and vegetables, and ready-to-eat 
(RTE) food industries try to develop novel antimicrobials as preservatives to enhance 
food safety and extend the shelf-life of food. In addition to washing produce with 
chemical sanitizing solutions after harvesting, adding chemically synthesized 
preservatives to food is an economical and effective method that has been widely used in 
the food industry. Sodium benzoate, sorbic acid, and potassium sorbate are approved 
food additives by the FDA and are the most commonly used chemical preservatives 
based on type of food. However, consumers’ demand for natural foods has increased, 
leading to an increased preference for natural preservatives (Wentao et al., 2007). There 
have been efforts to develop natural antimicrobials by the food industry, because 




   
Studies have been done to develop natural or safer antimicrobials. Essential oils 
are plant extracts that have been applied to foods as natural antimicrobials (Burt, 2004; 
Holley & Patel, 2005; Tajkarimi et al., 2010). Essential oils are aromatic oily liquids and 
are extracts of plant parts, such as flower, bud, seed, leaf, twig, bark, wood, fruit and root. 
Gálvez et al (2014) showed effective antimicrobial activity on human pathogens, such as 
S. Typhimurium, E. coli O157:H7, L. monocytogenes, B. cereus and S. aureus. Burt 
(2004) indicated that components of essential oils, such as saponins, flavonoids, and 
thymol, might degrade bacterial cell walls, damage the cytoplasmic membrane or 
membrane proteins, and cause leakage of cell contents. However, many modes of 
antimicrobial action of essential oils remain unknown (Lambert et al., 2001). One of the 
problems caused by essential oils in terms of food antimicrobials is undesirable 
organoleptic effects on food. The compatibility between the component of essential oil 
and food ingredients can also be a limitation that should be tested before application of 
the essential oil, because components in food ingredients can react and inactivate the 
antimicrobial property of the essential oil (Burt, 2004; Gutiérrez et al., 2009). 
Another type of antimicrobial agent is one that is naturally hydrolyzed in the 
human body like Lauroyl Arginate Ethyl (LAE, Hawkins et al. 2009). LAE is not a 
natural compound, but it has been Generally Recognized as Safe (GRAS) by the FDA in 
2005 and also approved for use in the European Union in 2014 as a meat preservative. 
Research indicated that LAE could be an antimicrobial alternative to essential oils due to 
its odorless characteristic that maintains the sensory quality of food (Becerril et al., 




   
Bacteriocins are natural antimicrobial substances like peptides or proteins 
produced from gram-positive bacteria (Jack et al., 1995). Nisin is the only bacteriocin 
that was approved by the FDA as a food additive and showed a promising antibacterial 
effect on human pathogens from fresh produce (Galvez et al., 2008). This study also 
showed the application of bacteriocins to various types of food, such as raw fruits and 
vegetables, canned foods, and fermented vegetables, in order to inhibit the growth of 
human pathogens. There are benefits to using bacteriocins as natural preservatives. Juneja 
et al. (2000) summarized that bacteriocins can substitute and reduce the use of chemical 
preservatives, enhance the shelf-life of foods, and minimize the risk of food poisoning. 
MicroGARD® (Dupont Inc., Wilmington, DE, USA) has been introduced as an 
all natural antimicrobial that inhibits the growth of bacteria, yeast and mold based on its 
product brochure (Danisco USA, 2007). MicroGARD® 730 is produced from 
fermentation metabolites of starter cultures that contains ‘active’ components like nisin, 
lactate, propionate, acetate, and microcin peptides to protect foods from spoilage and 
pathogenic bacteria and increase shelf-life. Common applications of MicroGARD® 730 
are cured meat, deli salad, prepared meals, and cooked meat applications (Dupont, 2015).  
In this study, we tested four different types of grain blend products treated with 
MicroGARD® 730 from a fresh vegetable company that were inoculated with E. coli 
O157:H7, L. monocytogenes, and S. Typhimurium for 12 day microbiological challenge 




   
4.3. Materials and Methods 
4.3.1. Sample preparation 
Four different types of grain blend products, Mediterranean, Napa, Santa Fe, and 
Tuscan, were prepared and provided by a fresh vegetable company for microbiological 
challenge testing, as shown in Figure 4.1,. Each product was composed of different 
ingredients and treated with 0.65% w/w of MicroGARD® 730 (Dupont Inc., Wilmington, 
DE, USA), natural antimicrobial agent. Although the ingredients of each product were 
not identified for confidentiality reasons, the company listed dry pepitas, wheatberry & 
barley, garbanzo beans, corn, black beans, dried cranberries, farro, sunflower seed, red 
rice, feta cheese, northern beans, capers drained, orzo, dried kalamata, and slivered 
almonds as major ingredients of the four grain blend products. To test and compare the 
inhibition effect of MicroGARD® 730 on each pathogen, grain blend products without 




   
 




   
4.3.2. Sample inoculation 
All grain blend products were inoculated with approximately 104 CFU/g of E. 
coli O157:H7, L. monocytogenes and S. Typhimurium from mixed culture. Twenty ml of 
culture media were inoculated from a frozen stock of each pathogen; Luria-Bertani (LB) 
broth for E. coli O157:H7 and S. Typhimurium and Brain Heart Infusion (BHI; BD, 
Sparks, MD, USA) broth for L. monocytogenes. Bacterial cultures were incubated at 37˚C 
for 24 hours following inoculation. Each culture was washed three times with phosphate 
buffer (PB; 0.1M and pH 7.0, Macron, Center Valley, PA, USA) in order to remove 
growth media by centrifugation at 3,000 rpm for 6 minutes. After centrifugation, the 
supernatant was removed and bacterial cells were re-suspended in 20 ml of PB. 
4.3.3. Microbiological challenge testing 
There were 4 different conditions for the test that included with- and without 
MicroGARD® treatment and two storage conditions, 4°C and 10°C, for 4 grain blend 
products. Sampling and testing was performed for 16 samples every day during the 12 
day test period to determine if a 1 log increase in pathogens occurred. Samples were 
blended with 100 ml of phosphate buffer (0.1M, pH=7) for 2 minutes and then serially 
diluted and spread plated on MacConkey, XLT4, and MOX agar. MacConkey (BD, 
Sparks, MD, USA) agar for E. coli O157:H7 and XLT4 (BD, Sparks, MD, USA) agar 
plates for S. Typhimurium were incubated at 37°C for 24 hours and Modified Oxford 
(MOX; BD, Sparks, MD, USA) agar plates for L. monocytogenes were incubated at 30°C 
for 48 hours. Plates were counted and the average log CFU/g of each pathogen, together 




   
agar plates. The average log change value of each day was calculated every day for 12 
days by dividing the mean CFU/g of day 0, used as fixed value, by the mean CFU/g of 
the testing day and then taking the log10 of the result, which showed both positive and 
negative log value for increase and decrease in each pathogen.  Standard errors for the log 
change values were calculated by using propagation of error formulas and presented in 
the graphs. 
4.4. Results and Discussion 
In this study, we used microbiological challenge testing to identify the effect of 
the antimicrobial agent, MicroGARD® 730, on E. coli O157:H7, L. monocytogenes, and 
S. Typhimurium in four grain blend products. According to the FDA’s guide, 1 log or less 
increase of E. coli O157:H7, L. monocytogenes, and S. Typhimurium is regarded as 
adequate control by the antimicrobial during the test period (FDA, 2003). Most of the 
MicroGARD® 730 treated samples showed less than a 1 log increase of all pathogens 
under 4°C and 10°C storage conditions, except for the Santa Fe and Tuscan samples that 
were stored at 10°C that showed more than a 1 log increase of Listeria monocytogenes. 
On the other hand, all samples without MicroGARD® 730 treatment and stored at 10°C 
showed more than a 1 log increase of Listeria monocytogenes, while E. coli O157:H7 and 
Salmonella Typhimurium were inhibited in their growth. The Napa and Santa Fe products 
without MicroGARD® treatment that were stored at 4°C showed a greater than 1 log 





   
4.4.1. Effect of MicroGARD®  730 
Four MicroGARD® 730 treated grain blend samples were stored at 4°C and 10°C 
to see how the antimicrobial agent inhibited the growth of pathogens at different 
temperatures. According to the FDA (2012), the range of growth temperatures for L. 
monocytogenes is between -0.4°C to 50°C and for E. coli O157:H7 and S. Typhimurium 
is between 7°C to 50°C and 5°C to 46°C, respectively. L. monocytogenes can grow at 
both 4°C and 10°C well, but E. coli O157:H7 and S. Typhimurium are not able to grow at 
4°C.  
As shown in Figure 4.2, 4.3, 4.4, and 4.5, grain blend samples that were treated 
with MicroGARD® 730 showed less than a 1 log increase of L. monocytogenes, E. coli 
O157:H7 and S. Typhimurium through day 12 when compared to day 0 when stored at 
4°C. On the other hand, as shown in Figure 4.7 and 4.9, the MicroGARD® 730 treated 
Tuscan and Santa Fe samples that were stored at 10°C showed greater than a 1 log 
increase of L. monocytogenes after day 8 and day 9, respectively, while Mediterranean 
and Napa samples showed less than a 1 log increase of L. monocytogenes, E. coli 
O157:H7 and S. Typhimurium when stored at 10°C, as shown in Figure 4.6 and 4.8. The 
growth of E. coli O157:H7 and S. Typhimurium was inhibited in all grain blend samples 
at both 4°C and 10°C for 12 days. This result showed that the combination of 
MicroGARD® 730 and storage at 4°C was effective in suppressing the growth of all 
pathogens to less than a 1 log increase in all grain blend products. The results also 
indicated that MicroGARD® 730 inhibited the growth of E. coli O157:H7 and S. 




   
inhibited the growth of L. monocytogenes, presumably because its growth temperature 
range is lower. Another contributing factor may be the difference of ingredients that 
allowed a greater than 1 log increase of L. monocytogenes from MicroGARD® 730 
treated Tuscan and Santa Fe samples stored at 10°C. 
To sum up, MicroGARD® 730 inhibited the growth of L. monocytogenes from 
the samples at both 4°C and 10°C storage condition while the samples without 
MicroGARD® 730 treatment showed more than a 1 log increase of L. monocytogenes. 
However, it is difficult to conclude that E. coli O157:H7 and S. Typhimurium were 
inhibited by MicroGARD® 730 treatment alone from the samples, because the patterns of 
their growth curve were similar regardless of antimicrobial treatment at both temperature, 
as shown in Figure 4.2 to 4.9.  The test results also indicate that the use of antimicrobials 
may not always guarantee the inhibition of growth of pathogens and extension of shelf-
life of food depending on the ingredients in the food, the storage temperature, and type of 
pathogens tested.  
4.4.2. Effect of storage temperature 
Food storage temperature of 4°C or lower is recommended to maintain food 
quality and to increase the shelf-life of foods. Samples that were not treated with 
MicroGARD® 730 were prepared not only to compare the growth of L. monocytogenes, 
E. coli O157:H7 and S. Typhimurium with MicroGARD® 730 treated samples, but also to 
identify storage temperatures that may effectively inhibit the growth of pathogens 





   
Both 4°C and 10°C storage conditions successfully inhibited the growth of E. 
coli O157:H7 and S. Typhimurium from all grain blend products, as shown in Figure 4.2 
to 4.9. However, only Mediterranean and Tuscan samples showed less than a 1 log 
increase of L. monocytogenes at 4℃ storage condition, as shown in Figure 4.2 and 4.3, 
while the other samples not treated with MicroGARD® 730, Napa and Santa Fe, showed 
more than a 1 log increase of L. monocytogenes at both 4°C and 10°C storage conditions, 
as shown in Figure 4.4 to 4.9. 
Storage temperature of 10°C was not enough to inhibit the growth of L. 
monocytogenes from any grain blend products due to the bacterium’s wide range of 
growth temperature, -0.4°C to 50°C. However, storage at 4°C effectively inhibited the 
growth of L. monocytogenes from the Mediterranean and Tuscan samples. The results 
indicated that storage temperature of 4°C alone was not enough to inhibit the growth of 
L. monocytogenes in all of the grain blend samples, which proved the inhibition effect of 
MicroGARD® 730 as described in section 4.3.1.   
4.4.3. Analysis of pathogens 
It was very clear that the results showed different inhibition effects on each 
pathogen. Growth of E. coli O157:H7 and S. Typhimurium was inhibited at any given 
condition in this study, as shown in Figure 4.2 to 4.9. The results indicated that there were 
no 1 log increases of E. coli O157:H7 and S. Typhimurium regardless of whether the 
samples were treated with MicroGARD® 730 or not. Both storage temperatures of 4°C 
and 10°C were also effective in inhibiting the growth of E. coli O157:H7 and S. 




   
Based on the test results, it is possible that the antimicrobial effect of 
MicroGARD® 730 may be altered by the cell wall characteristics of the individual 
pathogens, because gram-negative bacteria, E. coli O157:H7 and S. Typhimurium, 
showed a steady decrease in growth during the test period. However, the gram-positive 
pathogen, L. monocytogenes was not inhibited in its growth by MicroGARD® 730, 
showing an increasing pattern of growth from all grain blend samples even though it was 
less than 1 log at the end of test period. The test results clearly proved that the storage 
temperature is one of the important factors to inhibit the growth of E. coli O157:H7 and 
S. Typhimurium from all samples. Both E. coli O157:H7 and S. Typhimurium have a 
narrower range of growth temperature than L. monocytogenes so that both 4°C and 10°C 
storage temperature are enough to inhibit the growth of E. coli O157:H7 and S. 
Typhimurium. Further study should be done in order to improve the antimicrobial effect 





   
  
Figure 4.2. Log change of each pathogen from MicroGARD®  730 treated Mediterranean 
sample (+) and no MicroGARD®  730 treated Mediterranean sample (-) at 4°C storage 
condition for 12 days.  
Log change value of each day of each pathogen was calculated by subtracting the average 





















Salmonella Typhimurium (+) Salmonella Typhimurium (-)
E. coli O157:H7 (+) E. coli O157:H7 (-)




   
 
Figure 4.3. Log change of each pathogen from MicroGARD®  730 treated Tuscan sample 
(+) and no MicroGARD®  730 treated Tuscan sample (-) at 4°C storage condition for 12 
days.  
Log change value of each day of each pathogen was calculated by subtracting the average 




















Salmonella Typhimurium (+) Salmonella Typhimurium (-)
E. coli O157:H7 (+) E. coli O157:H7 (-)




   
 
Figure 4.4. Log change of each pathogen from MicroGARD®  730 treated Napa sample 
(+) and no MicroGARD®  730 treated Napa sample (-) at 4°C storage condition for 12 
days.  
Log change value of each day of each pathogen was calculated by subtracting the average 




















Salmonella Typhimurium (+) Salmonella Typhimurium (-)
E. coli O157:H7 (+) E. coli O157:H7 (-)




   
 
Figure 4.5. Log change of each pathogen from MicroGARD®  730 treated Santa Fe 
sample (+) and no MicroGARD®  730 treated Santa Fe sample (-) at 4°C storage 
condition for 12 days. 
Log change value of each day of each pathogen was calculated by subtracting the average 



















Salmonella Typhimurium (+) Salmonella Typhimurium (-)
E. coli O157:H7 (+) E. coli O157:H7 (-)




   
 
Figure 4.6. Log change of each pathogen from MicroGARD®  730 treated Mediterranean 
sample (+) and no MicroGARD®  730 treated Mediterranean sample (-) at 10°C storage 
condition for 12 days.  
Log change value of each day of each pathogen was calculated by subtracting the average 
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Figure 4.7. Log change of each pathogen from MicroGARD®  730 treated Tuscan sample 
(+) and no MicroGARD®  730 treated Tuscan sample (-) at 10°C storage condition for 12 
days.  
Log change value of each day of each pathogen was calculated by subtracting the average 
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Figure 4.8. Log change of each pathogen from MicroGARD®  730 treated Napa sample 
(+) and no MicroGARD®  730 treated Napa sample (-) at 10°C storage condition for 12 
days. 
Log change value of each day of each pathogen was calculated by subtracting the average 
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Figure 4.9. Log change of each pathogen from MicroGARD®  730 treated Santa Fe 
sample (+) and no MicroGARD®  730 treated Santa Fe sample (-) at 10°C storage 
condition for 12 days.  
Log change value of each day of each pathogen was calculated by subtracting the average 
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